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Electranic stroctore calcolations of V.0, are presented and compared to the electronic strocture of the

more commanl y known a-V,0,. The different VO, building blocks in ¥, 0, are imvestigated in terms of the

angnlar momentum projectsd density of states. Since the same stroctoral onit is also found in the a-V.0,

phase, it is possible to compar the electonic structore with respect to differences in the geometry of the VO,

pyramids. Electron energy-loss spectroscopy is applied as a sensitive probe of the electronic strocture and

reveals differences in the fine stroctore of the oxygen K ionization edge which are confirmed by the simuolation.

L INTRODUCTION

WVanadium oxides merit special attention because of their
outstanding structiral flexibility combined with chemical
and physical properties which are of interest for catalytic and
electrochernical applications. Specially «-V,0s is an essen-
tial ingradient to heterogeneous catalysis and its electronic
and structural properties have been widely studied.'™
-V, 15 a polymorph of the most cornmon kmown a-V,054
phase and was first reported in 1991 by Cocciantelli er al.
who investigated charging and decharging cvcles of LiVaOs
hatteries.” While the electronic behavior of ¥-LiV,0; (Ref.
6) has been modeled by means of density -functional theory-
iDFT), the electronic stmcture of -V,0s; remained un-
touchad. Recently, y-V,0; aftracts new attention since the
synthesis of y-V.0; nanowires and nanorods by the reverss
micelle technique opens access to a geometrically well-
defined nanosized model catalyst.™® During the synthesis the
size and shape of the particles can be controlled by varying
the time for which the particles are kept in the micellar so-
lution spanning from hours to days.

The close relation between the geometric structure of
a-V,0; and p-V,0; as well as the possible conversion be-
twean the two structures is also of interest in view of a very
promizsing application of V,0; nancfibre shests as actuators
asreported by Gu er al.® and also in view of the huge efforts
in synthesis of one-dimensional anisotropic VO-x nanotmbes
and nanorods for future nanotechnology. ™' The catalytic
relevance of the V°* oxidation state combinad with the
structural peculiarities of the synthesized particles and the
close relation to the «-V,05 phass motivates the investiga-
tion of the alactronic struemre of 3-V,0..

Thiz work presents the first investigation of the electronic
structure of ¥-V.0s; and is based on DFT. The aim is to
compare the basic struetural VO; units in -V,0; and
a-W, 0 with respect to differences in their geometric and
electronic structure. A detailed understanding of the relation
between geometric and elactronic structires is essential since
this basic structural unit is also commen to the industrial
VPO catalysts used for n-butane selective oxidation.!*

Band -structure caleulations were performed using the FP-
LAPW (full potential linearized mgmented plane-wave)
method B To compare the theoretical results with experi-

ments, the energy loss near edge stucture of the oxygen K
ionization edge (O K ELNES) was simulated and compared
to spectra recorded from a-V,0; and from -V,0; nano-
rods.

. GEOMETRIC STRUCTURE

The ¥-¥20s forms a lavertype orthorthombic lattice with
constants a=9.946(0) A, =3585(0% A, and e
=10.042(0) A.° The structure is st up by layers of edge
and corner sharing VO5 pyramids sticking out at both sides
of the laver. As opposed o a-V,05, where all V=0 va-
nadyl bonds are oriented along ¢ (z direction), the double
chains of edge sharing pyramids are tilted relatively to each
other in ¥-V, 05 with an angle between the basal plane of the
pyramids and the x axis of about +30° and — 30°, respec-
tively (Fig. 1). Additionally, the VO, pyramids are oriented
along x as down-up—down-up while in a-V,0; the crienta-
tion is down -down—up-up. As aconsequence, there exist two
structurally different VO pyramids. The first one at the V1
site can alzo be thought of as a bipyramidal (VOg) by in-
cluding the weak interlayer bond to the vanadyl oxygen of
the adjacent layer. The second VO, pyramid at the V2 site is
oriented in such a way that no oxygen atom lies in close
vicinity of the basal plane. The existence of the two different
vanadium sites has been confirmed by Fourier-transform in-
frared measurements of ¥-V, Os nanorods® Each of the two
pyramids contains three strueturally different oxygens, but in
total, due to the linking via one commen oxygen, there exist
five differsnt oxygens and two different vanadiums in
p-W205. The primitive cell comprises four formula units. Tt
is worthwhile to mention here that p-V.Os undergoes a
transformation  into the nommal form of «-V,0; near
3p=C.®

OI. CALCULATION AND EXPERIMENTS

Band -structure calculations of the density of states (DOS)
were performed using the full potential linear angmented
plane-waves code WIEMIK.'® This package also contains the
TELMES program which allows us to simulate electron
energy-loss spectra (EELS) by calculating the sum over site
and angular momenturn projected DOS and DOS cross terms
multiplied by the appropriate transition matrix elements.'®
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FIG. L. Crystal stcture of a-Vo0y and 3V20. The orthathombic it cells are indicated; @, & and ¢ ame parallel to x, ¥ and =,
respectively, Circles labeled W1 and W2 highlight the twa differently surroonded vanadiom sites emsting in 3-Vo0s.

Sirnple unit cells were nsad for the calculations, and thres-
dirnensional periodic boundary conditions ensure that the
gpace-group syrmmetry is includad properly in the calcula-
tion. For 9-V.05 56 & points in the irreducible part of the
Brillouin zone and a plane wave cutoff R, . of 7.5 (comre-
sponding to an ensrgy cutoff of 28.7 By) was used. «-V.0,
wag caleulated with 84 & points and a plana-wave cutoft of 8
i31 Ey). The generalizad gradient approximation was usad
for the exchange-correlation potential'® In order 1o get a
good basis set for the projection of the DOS onto p and o
states in the simulation, the local coordinates at each atom of
the tilted VO, pyvramids were chosan such that the z axis
coincides with the divection of the V=0 vanady| bond. The
¥-¥.0; nancrods used for the EELS measurements wers
eynthasized using the reverse micalle technique.’ a-V.0s
samples were obtained form Fluka Chemis GmbH. All mea-
surernents were petformed with a Philips CM 200 field-
amission transmission electron mictoscope equipped with a
Gatan energy filter for EELS measurements. The mictoscope
was operated at 200 kV. The energy resolution, estimated
frorn the full width at half maximoum of the zero-loss peak,
was | V. The EELS spectra of the nanorods sample were
recorded at a collection angle of 9.8 mrad and for a largs
nurnber of nancrod s in order to minimize irradiation effects,
and with an incident beam perpendicular to the long axis of
the nanowods (correzponding to the b axis). The spectra of
a-V, 0 were recorded with the incident beam parallel to the
crystal e axis, In order to average out anisotropic effects the
spectrometer acceptance angle was as large as =98 mrad
and the beam convergence angle was o= 1.5 mrad. '

IV. RESULTS AND DIS CUSSION
A. Band structure and demsity of states: -V,0,

In Fig. 2 the band stmcture calculated along selactad
high-symmetry lines within the first Brillonin zone corre-
sponding to the primitive orthorthombic lattice is presanted. Tt

shows that the dispersion is strongly ensrgy depandant and
revenls bands of small and large dizpersion depending on the
energy interval in all the symmetry directions. In the valence
band, along the direction T"-X (i.e., patallel to the ¢ axizg) the
digperzion of the bands is small and the electrons are well
localized, while along the T'-¥ direction (ie., parallel tothe v
axig) the dispersion measures about 0.5 &V, Along the direc-
tion T"-Z the dispersion is also weak, reflecting the localiza-
tion of the elsctrons in the layered structure. In the conduc-
tion band the dispersion of the bande along I'-X and T"-Z
starts to increass at about 5 eV oabowve the Fermi level,
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FIG. 2. Band stroctore of »-¥-0y along symmetry lines within
the first Brillomn zone of the simple orthothombic lattice. Ensrges
are given relative to the Fermi level.
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FIG. 3. V 34 and O 2p pojected density of states of a-Va0y
and »-Wa 0.

whereas the density of the bands decreases. A remarkable
feature in the band-structure plot is the split-off conduction
band at around 2 &V

Insight into the chermical and physical properties is gained
by observing the vanadium & states and their hybridization
with the ligand p orbitals. The oxvgen 2p and vanadinm 34
density of states (Fig. 3) of ¥-V205 and a-V,05 attest the
closs relation between the structure of the two compounds
since the DOS of -W,0; exhibits features very similar to
the one of a-V205 (Fig. 3). Both compounds are semicon-
ductors: after a band gap of only 1.70 eV (175 &V in
a-V10s) a narrow split-off conduction band of 0.6 eV width
is separated by another gap of 0.7 eV from the main conduce-
tion band. Shape and width of the split-off conduction band
are neatly identical for the two polymorph and the sepacation
to the main conduction band is only arcund 0.1 eV larger in
the ¥ phase. Similar to a-V,05, the valence band of ¥-V,04
consists mainly of oxygen 2p states with only a small con-
tribution from vanadium 34 states, whereas the conduction
band mainly comprises the unoccupied vanadium 34 states.
Commen featnres in the oxygen and vanadinm DOS are ob-
served for both compounds and reflect a substantial degree of
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FIG. 5. Comparison of the bonding length at the different V
sites.

hybridization betwesn oxygen 2p and vanadinm 34 states.
This hybridization has extensively been discussed by Evert
and Hack® for the case of a-V,0;.

In the following, differences in the VO building blocks
will be considered in the discussion of the DOS.

B. Comparion of the different VO units in 3-V,05
and a-V,0,

A characteristic of the 9-W,0; structure is the existence
of two different sites for the vanadinm atoms. The basic
stuctural units in p-¥V.05 and «-V,0, are distorted VO
pyramids (zee Fig. 4). These pyramids have similar features:
one short bond to the vanadyl oxygen, one bond to a bridg-
ing oxygen linking two pyramids at a pyramid ocormer, and
three bonds to chain oxygens, of which two have the same
bonding distance to the vanadium center. However, the inter-
atornic distances are different and from the dispersion of the
V-0 bonding distances in the pyramid base follows that the
distortion at the V1 site is bigger than in the case of a-V,0;.
At the V2 site, on the other hand, the distortion is less than in
a-¥ 50z, The bonding distances in ¥-V-05 and «-W,0; are
compared against each other in Fig. 5.

The distance from the vanadium center to a vanadyl oxy-
gen from the adjacent plane measures 2.793 A for a-V, 0
and 2714 A at the V1 site in ¥-V505. Taking the weak
interlayer bond into account results in a sixfold coordinated
vanadinm. The crystal-field splitting is determined by the
geometry of the surrounding oxygen atoms and leads to a
sepatation of the lower part of the conduction band. States
forming «* antibonds appear at lower energy whereas o

FIG. 4. Local smrrounding at the differmnt va-
nadium sites in V.05 [VL (o) and W2 (b)] and
in a-¥50y (c). The oxygen atoms are labeled as
oxygen; 4, 05,
D%—chain oxygen; OL and OF—bridge oxygen.
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FIG. 6. Angular momentom projected DOS at the W1 site.

antibonds are formed at higher ensrgy. The two subgroups of
the unoccupied orbitals are separated by a ligand field split-
ting. The angular romenmm projected TOS's (FDOSs) are
presented in Figs. 6 and 7 for the two vanadium sites and
their oxygen ligands.

Due to the choice of the local coordinate systern at each
atom of the tilted pyramids, the 34 DOS is projectad onto the
different orbitals such that the vanadiuwm 3&.a_,2 orbitals
point towards the vanadyl oxygen and the 3d,a_ ;2 orbitals
point in the direction of the three chain oxygens and the
bridging cxygen. Conssquently these two orbitals form o™
antibonding combinations with the oxygen 2p orbitals and
appear in the upper region of the lower conduction band. At
the W1 site the 34.a_ 2 orbital provides a narrow contribu-
tion to the DOS between 6 and 7.5 eV which is identeally
mirrorad by the vanadyl oxygen 2p . orbital. The same agree-
ment in the DOS of the 34.2_ .2 orbital and the wanadyl
oxygen 1p. orbital of the V2 site is obsarved in the ensrgy
range betwesn about 4.5 and 6.5 eV. Due to the fact that the
vanadinrn atorns are not in plane with the chain and bridge
oxygens, the contribution of the 34,2 _ ;2 orbitals reaches into
the «* region. At lower energies, the vanadium 3. and
3d . orbitals mainly combine with the vanadyl oxygen 2p,

and 2p, orbitals by forming =* states. Consequently, the
features between around 2 and 7 eV at the V1 and between
around 2 and 6 eV at the V2 center are reproduced by the
respactive vanadyl oxygen 2p, and 2p, orbitals. The re-
maining vanadium 3d,, orbital lies lowest in energy and
stretches in between the chain and the bridge oxygens, form-
ing 7=* combinations. At the V1 site, it forms a strong and
very localized combination with the bridging &1 2p |, orbital
between 3 and 4 V. Although the distance betwsen the
bridging cxygen and the V2 center is only slightly larger, the
degree of hybridization between the V2 34 and the 01 2p,
orbital is much smaller. Instead the V2 34, orbital provides
the main contribution to the splitoff conduction band by
forming =% combinations manly with the chain oxygen
i05) 2p,, 2p, and the bridge (O1) 2p, orbital. In fact it is
an interesting consequence of the different geometry of the
V1 and V2 pyrarnids that the intensity of the two features in
the respective 34, DOS is reverse. For the V1 site (Fig. 6)
and in the o phase’ where the vanadium atorn is formally
sixfold coordinated in a distorted octahedron, the erystal-
field splitting is well developad and clearly separates in en-
ergy =¥ from o* forming states. The splitting is best repre-
sented in the DOS of the vanadyl oxygen (03] 2p orbitals
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FIG. 7. Angular momentom projected DOS at the W2 site.

which form clear =% and o* states. Tt measures around 2.6
eV (estimated form the separation of the center of mass of
the unoccupied O3 2p states). At the fivefold coordinatad V2
site the difference between the longest and the shortest
V—0 distance is smaller and the resulting pyramid is less
distorted. This is reflectad in the 2p projectad DOS of the
vanadyl oxygen (O2) at the V2 site where the =% and o*
forming states lie closer in energy and the separation of the
center of mass measures only aound 1.8 eV (see Fig. 7).
Interlayer coupling leads to similarities in the V1 and O2
PDO8s. A comparison reveals only a slight agreement in the
02 2p. and V1 3d.2_ 2 FDOS's at around 7 €V above the
Fermi level. The existence of a small hybridization cormes
apparent from a comparison of the width of the 03 and 02
2p. PDOS's: the broadening of the latter is cansed by inter-
action with the V1 3d4_2_,2 orbital. Mevertheless, the agree-
ment is small and underlines the fact that the interlayer bond -
ing is weak and that the picture of the fivefold coordinatad
pyramid is more accurate than the octahedral description. In
a-W, 0 there exists only one kind of vanadyl oxygen and
therefore it is not possible to separate out information from
the PDOS about the orbital overlap between the layers. Nev-
ertheless, single-layer SLAB calenlations of Chakrabarti

er al.” demonstrate a weak elactronic interlayer coupling also
in a-%¥,0:. The role of the vanadyl oxygen from the adja-
cent layer can therefore be neglected and the stronger
crystal-field splitting at the V1 results from the higher distor-
tion of the VO; pyramid.

C.ELMES: Simulation and expe riment

EELS is appliad to probe the local electronic structure and
the oxidation state of vanadium in p-W,0s5.

The shape of the vanadinm and oxygen edges is strongly
related to the oxidation state of the vanadinm and to the
distertion of the coordination polyhedra.” In particular, the
vanadiurn white line ratio reacts very sensitively to the oxi-
dation state.'™" Tn a-V,0,, the VL, edge is more intense
than the VL, edge™ (Fig. § bottom), whereas, with decreas-
ing oxidation state, the VL intensity decreasss relative to
the Ly spectral weight. This fingerprint allows a reliable
assignment of the oxidation state of the vanadium. For this
reason also the vanadinm white lines are presented, although
the following discussion as well as the simulation is based on
the O K edge. The focus on the O K edge is justified by the
fact that within a one-electron approximation the
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FIG. 8. EELS spectm of a-V.0, (bottom) and of -V.0, na-
norods (top) for the vanadium 2p and the oxygen Ls. Calculatiors
of the onygen edge (dotted lines).

simulation of the 2p to 34 tansition giving rise to the L
edge fails due to strong electron correlation sffects”’ Tn
-V, 05, the OK edge is characterized by a fine structre
iFig. 8) at around 530 eV exhibiting two contributions aris-
ing from transitions from an O 1§ state to a final 2p state in
7% or in o* hybridization with a vanadium 34 state. Ab
initio band-structure calculations combined with the simula-
tion of spectra with the TELMES program support the inter-
pretation of the near-adge fine swucture in EELS and allow
us to directly assign features to the corresponding transition s.
Figure & demonstrates the close agreement betwesn simula-
tion and experiment, although the core hole left by the ex-
citad electron and the high-energy tal of the preceding Vi
adge were not taken into account in the simulation.

In the spectra of ¢-V,0;, the vanadmm VL peak is more
intensa than the VL, indicating an oxidation state of +5 for
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vanadiur.'® The shape of the OK feature centered at 531.6
eV is quite different to the one observed for «-V.0; and
consists of a single-asymmetric peak centerad at around 532
eV and a broad peak at around 544 eV, The calculations for
¥-W,05 (dotted line in Fig. 8) agree very well with the ex-
perimental data. The close agresment with the bulk sirnula-
tion also confirms the weak interlayer interaction as the size
and surface effects of the ¢ -V, 05 nanorods have negligible
effect on the ELMES. Simulation and experiment show that
the fine stmcture wvisible in the OK edge of «-V,0; has
vanished. An explanation follows from a closer observation
of the two different vanadinm swreundings present in
¥-V,0;. Five differently coordinated oxygen atoms contrib-
ute to the specttum and the total OK spectral weight is the
sum of these contributions, of which each has its individual
chape. As a result the =% and &% components overlap and
are no longer distingnishable in the total OK edge. In Fig. 9
the single contributions of the different oxygens to the
ELMES are presentad. When the contributions of the corme-
gponding oxygens surrounding the W1 and V2 centers are
added up, the representative ELMES of the two pyramids are
obtained (Fig. 9 right). Knowing that the interlaver bond is
very weak and can be neglected in this respect, one ends up
comparing three differently distorted VOs pyramids (at the
V1 and V2 sites and in the « phase). The separation between
the =* and o* states are visible in the calculated ELNES of
the W1 pyramid whereas this separation is no more observ-
able at the W2 =ite. This underlines the similarity between the
VOs5 pyramnid at the V1 site and the pyramid of the a phase.

V. CONCLUSION

The theoretical investigation of the band structure and
density of states of different VO building blocks in -V, Og
and «-¥,0: gives insight into the relation betwesn geomet-
ric and electronic structire. The general distribution of fea-
tures such as the split-off conduction band and the width of
band gaps in the oxygen and vanadium DOS of the two
compounds attest the close agreement between the two struc-

SN RN N

IFharEity dara, Unite)

{E-E_} (V)

FIG. 9. Single contributions of the different ouygens to the OK ELMES (left) and sum over oxygen contibutions ansing from VO,
pyramids at the V1 and V2 sites (with and withoot experimental broadening) inght).
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tres. However, the angular momenturn projected DOS re-
veals a splitting of the vanadium & states into #=* and o*
forming states which is very sensitive to the geometry of the
O ligands. At the V1 site, where the distortion of the VO
pyramid, measured from the dispersion of the bonding dis-
tances is largest, the splitting is well pronounced. At the V2
site the distortion is smaller and the =% and &* regions show
a slight overlap. The splitting at each site is best reproducad
by the respective vanadyl oxvgen 2p orbitals. A detailed in-
vestigation of the angular momentmm projectad DOS reveals
that the distribution of intensities in the DOS acts very sen-
sitively on small changes in the bonding distance and geom-
etry. The determined difference in electrenic structure of the
two polymorph results solely from their different geometric
structure. Differences in the electronic structre combined
with a fixed chemical composition allow, in a further step, us
to elucidate a comrelation betwesn the DOS and relevant
chemical properties, such as catalytic performance. From this
information ene can then draw back conclusions about elec-
tronic properties relevant for a specific catalytic process.
From a comparison of similar features in the DOS of V1

and the vanadyl oxygen of the adjacent laver (2] it could be
concluded that the interlayer coupling is indeed very weak
and that the picture of a distorted pyramidal surounding has
1o be favored with respect to a distorted octahedral descrip-
tion. The closs agresment between simulated and measured
OK ELNES supports the interpretation of the changing in the
fine structure of the OK adge betwesn the « and 7y phases.
With respect to the catalvtic potential of a-V20s it is of
relevance to compare and further investigate the two poly-
motph of the same chemical composition with known differ-
ences in the electronic properties. They allow us to probe the
concept of structre-activity corelation in a rigorous rman-
ner. However, this is beyond the scope of the present paper.
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